Relative differences in radiosensitivity between Escherichia coli strain B and the mutant strains, B/r (more resistant than B) and two types of B, (more sensitive), are maintained with respect to inactivation by ultraviolet radiation, X-rays and decay of incorporated 32P. The differences cannot be ascribed to variations in number of nuclei or in content of DNA or RNA. The effectiveness of various postirradiation and post-decay treatments in preventing inactivation varies for each strain. With the exception of reactivation by light, strain B/r is less reactivable than B and B,.
INTRODUCTION
Among bacteria Escherichia coli strain B and its radioresistant mutant B/r have been frequently employed in studies concerned either with the mechanism of inactivation by radiation or with the genetic basis of radiation sensitivity (Witkin, 1947) . It has been established, for instance, that B and B/r differ not only in the lethal effect of X-rays and ultraviolet radiation but also in such related properties as the shapes of their radiation survival curves, the severity of their cytological response to irradiation and their reaction to various post-irradiation treatments (Payne, Hartman, Mudd & Phillips, 1956; Anderson, 1951; Roberts & Aldous, 1949) . With respect to the genetic aspects, it appears that B and B/r differ by a single gene.
A recent report described briefly the isolation of another radiological mutant of Escherichia coli strain B-called B,-which is more radiosensitive (Hill, 1958 a) . It is of interest both to microbial radiobiology and to microbial genetics to inquire which properties other than radiosensitivity are affected by these contrasting mutations in strain B. The present paper will give the results of an investigation designed to elucidate the basis for differences in radio-sensitivity by studying the following points :
(1) The relationship between the type of mutation and the effectiveness of various post-irradiation treatments in preventing lethality.
(2) The nuclear multiplicity, DNA and RNA contents of strains B, B/r and B,.
(3) The relative response to decay of incorporated a2P, another lethal agent which is reported to act directly on the DNA of bacteria (Fuerst & Stent, 1956 ).
(4) The relative response to the antibiotic furacin. Mutation to the first step of furacin resistance is invariably accompanied by increased radioresistance and vice versa (Szybalski & Nelson, 1954) . The effect of mutation to radiosensitivity on furacin sensitivity was therefore studied.
(5) The relative ability of strains B and B, to mutate spontaneously to the B/r form. In order to compare this with the relative ability to mutate at other genetic loci, the spontaneous rates of mutation to resistance to bacteriophage TI were also determined.
METHODS
Bacterial strains. Strains B, B/r and B , , (this strain was called B, in the previous report) have been described previously (Hill, 1 9 5 8~) . Strain B,-2 was isolated more recently in the same way as Bse1. Strain Bs-l was found among twelve colonies of strain B originating from survivors of a high dose of U.V. radiation (5 x 10-4 survival); Ba-2 among 100 such colonies. The frequency of B, mutants after U.V. irradiation is therefore of the order of 1-2% and comparable to the frequency of B/r mutants after U.V. irradiation (Witkin, 1947) .
Ultraviolet irradiation. The experimental set-up has been described previously (Hill & Rossi, 1952) . The strains were grown by aeration in 0.8 yo nutrient broth for 24 hr. and then diluted 1/50 into physiological saline. Separate 3 ml. samples were irradiated with each dose (unfractionated irradiation). One tenth ml. samples of appropriate dilutions were plated by the agar layer technique commonly used for bacteriophage assays (Adams, 1950) . Colonies were counted after 24 hr. incubation at 37".
For the diagnosis of colonies as consisting of cells of B, B/r or B,, a modification of Witkin's method was used (1947). Each colony was suspended in 1 ml. broth, diluted further in broth, grown to saturation and subcultured twice more. A loopful was streaked over a small area on a nutrient agar plate, which was then U.V. irradiated with a dose sufficient for 10% survival of strain B. After 3 hr. incubation at 37O the spread areas were examined microscopically. Cells of strain B show 'snake' formation; cells of B/r form short filaments and are collected into microcolonies; the cells of B,, and BB-2 remain small, with a few short filaments appearing in areas containing Bs-2. After examination, the plates were re-incubated overnight and the spread areas re-examined without a microscope. Areas containing B or B/r show heavy confluent growth; those containing B,-2 show many small, separated wionies; those containing B,, are either blank or show at most one or two colonies. In cases of doubt, the colony was subcultured once more and given a test dose of U.V. radiation, after spreading an appropriate dilution on a nutrient agar plate. The test dose (20 sec. of U.V. under these conditions) gave the following surviving fractions for our bacterial stocks : B8-l-l x lo-', B8-2-1 x B-1 x B/r-8 x 10-l.
X-irradiation.
The X-ray technique has been described (Hill, 1958 b) . Cultures were grown by aeration in nutrient broth for 24 hr. and 5 ml. undiluted aliquots irradiated, Inactivation by decay of incorporated a2P. This procedure has also been described {Fuerst & Stent, 1956; Hill, 1960) . Each cultum was grown for l+ hr. in non-radioactive medium so that the organisms were in tlie logarithmic phase. They were then diluted 1/10 into S2P-containing medium and growth continued for another 4 hr. The cultures were diluted into cold non-radioactive medium and samples frozen and stored at -78". All four strains were grown in samples of the same batch of s2Plabelled medium on the same day.
'Reactivation'. Heat reactivation (HR) was determined by preparing two sets of plates containing spread bacteria and incubating one set at 37O and the other at 4 5 ' . The numbers of colonies appearing after 19-22 hr. were then compared. In the experiments involving reactivation by the plating medium (PMR), the numbers of colonies appearing on nutrient broth agar plates were compared with those on synthetic M9-agar plates (Dulbecco, 1950) . Photoreactivation (PHTR) was obtained in the following manner: Two ml. of the u.v.-irradiated cultures or of radioactive samples (after dilution into physiological saline) were put into test tubes supported in a specially constructed stainless-steel bath. (This apparatus was built by the Laboratory Glass and Instrument Corp., 514 W. 147 St, N.Y.C., N.Y. and was generously lent to us by S.A. Ellison.) One face of the bath consisted of quartz. The bath contained a clear lucite inner tank filled with 0.05 M-cucl, and a test-tube rack. The space between the outer walls of the bath and the inner tank and rack was filled with water maintained at 37" by means of a heating coil and thermoregulator. The lamp used for illumination (Hill & Rossi, 1952) was placed 15 cm. from the quartz face of the bath. After an exposure of 1 hr., the cultures were diluted appropriately and plated for colony count.
Nuckar multiplicity. Twenty-four hr. aerated broth cultures were grown and samples spread on nutrient agar plates, After 15 min. and after 2 hr. of incubation at 37O, stained impression smears were prepared (Robinow, 1944 ;  Witkin, 1951)-Photomicrographs of representative fields were then made and used to count the average number of ' nuclei ' per cell.
DNA and RNA con&&. These chemical analyses were performed by Dr Herman Shapiro of the Cell Chemistry Laboratory, Department of Biochemistry, Columbia University. The DNA and RNA contents of 24 hr. aerated broth cultures were determined colorimetrically by using the diphenylamine and orcinol reactions, as described by Dische (1955) .
The total number of bacteria was determined by a modification of the Millipore filter method (Ecker & Lockhart, 1959) . One hundredth of a ml. of each culture was diluted into 5 ml. of physiological saline and diluted further 1/10 with 1 yo picric acid. Ten ml. of the picric-acid dilution were filtered; the filtered cells were stained with 0.1 % acid fuchsin and then counted.
Inhibition by furacin. The antibiotic, furacin (5-nitro-2-furaldehydesemicarbazone) was obtained from the Eaton Laboratories, Norwich, N.Y. The inhibiting concentration was determined by the gradient plate technique (Szybalski, 1952) .
Mutability. Spontaneous mutation rates were estimated from the average numbers of mutants appearing in series of cultures grown in parallel (Luria & Delbruck, 1943) . The double-irradiation technique for the detection of B/r mutants in cultures of strain B could not be applied to cultures of B,-l and BSd2 (Witkin, 1947) . This technique is based upon the formation of snake formation by irradiated cells (Payne et. al. 1956 )-Attempts to induce snake formation by irradiating cells of B,-l and B8-2 have been unsuccessful so far. Therefore mutants of the B/r type in cultures of B, B, , and B8-2 were detected indirectly by selecting for first-step furacin-resistant mutants.
1-2
In the first set of experiments involving mutation to furacin resistance, the cultures were grown in nutrient broth without aeration. One tenth ml. of each culture and of a 1/10 dilution were spread on the surface of nutrient agar plates containing 105,ug. furacin/ml. This concentration is inhibitory for all bacteria of strains B, B, , andB,-,under our conditions and slightly less than the concentration required ;to inhibit the majority of bacteria of type B/r (see below). In later experiments, .a pour-plate technique was used. The cultures were grown by aeration and used to determine mutation rates both to furacin resistance and to phage T, resistance.
Cultures of strain B were diluted l/lOo and 0.1 ml. was added to a tube containing '10 ml. of nutrient agar plus 1-5,ug. furacin/ml. at 45'. The contents of the tube were then poured into a Petri dish, allowed to harden and then incubated. In the case of B,-,, 1 ml. of the undiluted cultures was added to 9 ml. of the furacin-containing agar. One tenth ml. of the remainder of the cultures of each strain was then spread on plates which had been previously spread with 5 x log TI phages. Figure 1 a shows the U.V. survival curves of B, BSv1 and Bs-2 and for comparison, the beginning of the sigmoid curve characteristic of B/r (Witkin, 1947) . It can be seen that although both B,-l and B,-z are more radiosensitive than the parent strain B, they are not identical. The survival curves for B, B,-, and BSm2 have the same shape, i.e. a decreased slope at higher doses. In the case of strain B, this change in curvature cannot be fully explained by the selective survival of B/r mutants and is usually interpreted as due to the presence of bacteria which are phenotypically but not genetically radioresistant (Cavalli & di Modrone, 1949; Buzzell, 1956 Radiosensitive and radioresistant mutants 5 stemming from cells surviving high doses, corresponding to the final portions of the curves. In the case of BB-2, the final slope was about the same as the final slope for B (and B/r). In one experiment, 84 out of 100 colonies corresponding to 6 x 10-6 survival exhibited the well-defined snake formation characteristic of strain B. Two of these colonies were subjected to a test dose of u.v.; their survivals were 2.4 and 1-5 yo, in agreement with the 1.9 yo survival of strain B used for comparison. However, in another experiment, only l out of 100 colonies corresponding to 2 x 10-6 survival of BB-% showed snake formation. Therefore it may be concluded that, although a form resembling strain B can be isolated after large doses of U.V. to B5-2 cultures, the change in curvature of the Bs-2 survival curve cannot be wholly accounted for by the presence of this form in the unirradiated population.
RESULTS

Survival after u.v.-irradiation, X-irradiation and s2P decay
In the case of Bs-l, the final slope of the survival curve was considerably greater than the final slopes of the curves for the other strains. Of 100 colonies corresponding to 1 x survival, all gave a cytological response typical of BB-l. Thus with BB-l, as with B and BB-2, the change in slope of the survival curve cannot be wholly due to a genetically resistant fraction. If the change is due to a phenotypically resistant fraction, the phenotype is not that of the presumed resistant phenotype present in either the B or Bs-2 populations.
Although the U.V. survival curves for B,-l and B5-2 were clearly separated, the X-ray survival curves coincided ( Fig. 1 b) . Furthermore, the X-ray curves, unlike the U.V. curves, were exponentials. After X-irradiation, the survival curve for the parent B still had the shape characteristic of u.v.-irradiation, i.e. concave upward.
The survival curves corresponding to inactivation by decay of incorporated 32P were also clearly separated and in the same rclative positions as for u.v,-inactivation ( Fig. 1 c) . It may be noted that in the case of all three inactivating agents, the survival curve for strain B has the same shape-concave upward. The curves for B,, and Bs-2 have this shape only for u.v.-irradiation; for X-irradiation and for 32P decay, the curves are exponentials. On the other hand, the curve for B/r is an exponential only for X-irradiation and is sigmoid for U.V. and 32P decay (Witkin, 1947; Fuerst & Stent, 1956 ). Figure 2 shows the effectiveness of HR, PMR and PHTR after u.v.-irradiation of the four strains. Certain differences are readily apparent. In the case of the parent strain B, all three reactivation mechanisms were equally effective. PHTR was effective for B/r but HR had no effect and PMR caused an increase in mortality after high doses of U.V. (Roberts & Aldous, 1949) . In the case of the two radiosensitive mutants, all three reactivation methods were effective but not to the same extent.
Prevention of lethal eflects (' reactivation')
For both mutants, PHTR was the most efficient method. In the case of BS-l, HR was more effective than PMR but the reverse was true for B,+ Similar differences in reactivability were observed with X-irradiation and decay of incorporated 32P. For example, Fig. 3 shows that after exposure to X-rays, HR was more effective for strain B than for Bs-l. HR was ineffective for B,-2 and lethal for B/r. In the case of 32P decay also, HR was effective only for B (Hill, 1960) and to a smaller extent for B,-l. 
Furacin sensitivit3
The inhibitory concentrations of furacin (,ug./ml.) were as follows : B/r--2*3, €3-0.25, Bs-1-0-23 and BS-,-0*53. As expected, B/r was markedly more resistant than the other strains. The value for B was the concentration inhibitory for amajority of B cells; the gradient pattern for B did not show a sharp break, but at concentrations greater than 0 * 2 5 p g . / d . the density of bacterial growth decreased (Payne et al. 1956 ). The gradient patterns for B8-l and BSq2 showed sharp breaks at the above furacin concentrations. It was concluded that the furacin sensitivity of B,, was the same as that of a majority of B cells, while that of Bs-2 corresponded to that of a minority of B cells.
Nuclear multiplicity, DNA and RNA contents
No significant differences between the four strains were observed with respect to these properties (Table 1 ).
In addition to these studies, the DNA of strains B, Bs-l and B/r was extracted by S.M. Beiser of the Department of Microbiology, Columbia University. Chromatographic fractionation on Ecteola-cellulose columns was performed by A. Bendich of the Sloan-Kettering Institute (Bendich, Pahl & Beiser, 1956) . No obvious differences in profile between the strains were observed. 
Spontaneous mutation
The spontaneous mutation rate to TI-resistance was essentially the same for the four strains ( Table 2) . On the other hand, mutation to the B, forms produced a striking change in the subsequent ability to mutate to furacin-resistance ( Table 3) . The parent strain B mutated to furacin resistance at the rate of 10-5/bacteria/ generation, in agreement with the reported value for the rate of mutation to radioresistance (Witkin, 1947) . However, in a total of approximately 4 x loll plated bacteria of strainBs-,, no furacin-resistant mutants were detected. It seemed possible that such mutants might have been produced but unable to survive under conditions of growth in the presence of the parent furacin-sensitiveB,,bacteria. This was tested by growing mixtures containing known initial percentages of BaV1 and B/r bacteria Radiosensitive and radioresistant mutants 9 ... Vol. sample (ml.) ... and then determining the final composition. The results showed that instead of failing to compete successfully with B,-l bacteria, the final percentages of B/r were somewhat higher than expected ( Table 4) . Therefore it appears that either BB-l mutates to furacin resistance, i.e. to the B/r form at a greatly reduced rate compared to the rate for strain B, or does not mutate a t all. 
Survival of strain B/r when grown with strain Bs,
The strains were grown separately in nutrient broth, diluted and then mixed in various ratios. The total bacterial concentration in each mixture was9-2 x 104per ml. The mixtures were grown to saturation and tested for the percentage of each component by diluting and plating on nutrient agar with and without 1-5pg. furacin/ml. 
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In the case of B,-,, eleven furacin-resistant colonies appeared in a total of los bacteria plated. This gave a mutation rate of 5-4 x lo4-considerably less than that for strain B. These eleven colonies were tested for (a) sensitivity to phage TI in order to eliminate possible contaminants; (b) cytological response to U.V. irradiation ; (c) survival to a test dose of u.v. radiation; (d) inhibitory concentration of furacin. No contaminants were found, According to criteria (b), ( c ) and ( d ) , one colony consisted of typical B/r bacteria. However, the remaining ten colonies (not all independent) were peculiar. Their cytological response to U.V. was not entirely characteristic of BB--2, since many, instead of a few, short filaments, were formed after 3 hr. incubation and in addition they showed confluent growth after 24 hr. Furthermore, these colonies resembled B/r in furacin resistance, but their survival to the test dose of U.V. was like that of B (Table 5 ). * Although this % survival is lower than the value for the particular strain of B/r used in this experiment, it agrees with values for three other strains of B/r in our laboratory.
DISCUSSION
Several investigators have reported that strains of B/r characterized generally by increased radioresistance (compared to that of the parent strain B) constitute a heterogeneous group when examined more critically (Witkin, 1947; Adler & Haskins, 1960) . Although only two mutants showing increased radiosensitivity were studied here, these also were found to be different and distinguishable by their response to u.v.-irradiation and to decay. The coincidence of the survival curves for X-irradiation may have been due to the choice of experimental conditions. Strain B,, could be distinguished from BBm2 since the survival after X-irradiation of the former could be increased by incubating for colony formation a t an elevated temperature.
The present results show that neither the nuclear multiplicity nor the nucleicacid content are responsible for the differences in sensitivity between strain B and the two types of radiological mutants, Br and B,. Similar conclusions regarding €3 and B/r have also been drawn by . Evidently these differences are due to changes at the gene level. The present failure to find corresponding differences in the chromatographic profiles of the DNA of these strains is disappointing but probably due to an inadequate resolving power (A. Bendich, personal communication) .
Since the function of the gene is to determine metabolic processes in the cell, changes in radiosensitivity reflect changes in these processes. For a given strain, the radiosensitivity may change if experimental conditions are varied, for example, by the application of different post-irradiation or post-decay treatments. The present results show that PHTR, HR and PMR were all effective in increasing the survival of B, B,-l and B8-2 after u.v.-irradiation, although the relative effectiveness of these three kinds of reactivation was different for each strain. However, only PHTR was effective for strain B/r. After X-irradiation and after 32Pdecay, HR was effective for B and B,, but not for and B/r. This failure to increase the survival of B/r by post-treatments (other than PHTR) is also evident in the work of in which it was shown that B and B/r were equally radiosensitive under certain conditions. This equality resulted from a decreased resistance for B/r and an increased resistance for B when the strains were u.v.-irradiated during the rapid growth phase and then plated on defined medium instead of the usual broth. Similarly, Okagaki showed that post-u.v. treatment with chloramphenicol increased the resistance of B but was lethal for B/r (1960) . Thus although the mutation of B to the B, form confers an obvious disadvantage as far as inactivation is concerned, it is interesting that mutation to the B/r form can be disadvantageous with respect to reactivation.
The finding that the four strains did not differ in their spontaneous mutation rates to Tl-resistance can be interpreted as further evidence that the genetic differences between them do not involve the whole genetic apparatus but only a limited part, probably one or a few genes. This is corroborated by the very different rates of mutation of B, Bse1 and B,-z to furacin resistance, i.e. mutation at a locus which is related to increased radioresistance.
Since, as mentioned above, strains of B/r have been found to be heterogeneous, it seems possible that strain B contains a number of loci such that mutation a t any one confers increased radio and furacin resistance. Only two studies to date have been reported involving recombination between radioresistant strains. Bryson & Tuttle (private communication) crossed E s c k c h i a coli B/r and E. co2i K 12, which is also radioresistant as compared to B. Some of the recombinants were radiosensitive in that they were snake formers like B. However, this could have resulted either from the presence of a single radioresistance gene in non-identical positions in B/r and K12, which are unrelated strains or from the presence of multiple loci in either or both strains. More recently, Zelle & Ogg reported recombination data involving three strains of B/r, one of which was characterized by increased cell size and increased radioresistance as compared to the other two B/r types (1957). The large cell variant is believed to be diploid or polyploid so that recombination might involve whole chromosomes. Thus the data concerning this strain do not illuminate the question of the possible multiplicity of radioresistance loci in the usual, presumably haploid, B/r. Unfortunately, the presence of the B phenotype was not looked for among the recombinants of the other two B/r strains.
In the absence of this kind of data, it can be assumed a t present that strain B does contain a number of ' radioresistance ' genes. Since the present findings also indicate heterogeneity of B, types, it might be also assumed that strain B contains a number of ' radiosensitive' genes. The evidence with respect to Bs-2 suggests that there is at least one such gene. In particular the finding of B-like forms in irradiated populations of Bs-2 indicates that reversion at this presumed locus can occur. If Bs-2 were to mutate at one of the radioresistance loci, the resulting strain might have just the hybrid properties found for the ten colonies on furacin plates, i.e. such strains might be furacin-resistant like B/r, but since there has been mutation of two genes, one of which confers increased and the other decreased radioresistance, the resultant radiosensitivity might be something in between that of Bs-2 and that of B/r, namely, that of B. Strain BBm2 also yielded one mutant which was typically B/r-both furacin-and radioresistant. This could have arisen in at least one of two ways. The extemely low frequency of this B/r-one in a total of 1010 bacteria plated-suggests that there may have been two mutations in Bs-2. These might both have occurred at radioresistance loci. The second such mutation might raise the radioresistance from that found for the putative hybrid strains to a level much more like that of a typical B/r. Alternately, this B/r mutation might have arisen from a reversion at the Bs-z locus itself followed by a mutation of the resulting B-type cell to B/r. It was mentioned that in one culture of Bs--2, 85 C/ ?& of the colonies obtained after a large dose of U.V.
were like strain B (snake formers) whereas in another culture, only 1 yo such colonies were found. This variation in frequencies suggests that the B-like forms were surviving spontaneous revertants, If so, then the mutation of Bs-2 to B would have to occur spontaneously at a fairly high rate. Since the mutation rate of B to B/r is of the order of (Witkin, 1947) , an over-all frequency of 10-10 for the mutation B,-z to B to B/r does not seem unreasonable. A choice between these two possible modes of origin of B/r from BSw2 must await attempts to detect selectively B in Bs-2 populations and consequently to measure the mutation rate of Bs-2 to B.
The findings with respect to B,-l do not quite fit in with the idea that B contains a number of radiosensitive loci, In this case, neither furacin-resistant mutants nor B-like forms were detected, The simplest explanation is that the radiological loci are missing in this strain, i.e. that it results from a deletion in strain B. The recent report that u.v.-irradiated phages TI, T, and T, show a considerable decrease in plaque count with Bs-l compared with B and Bs-z is in agreement with this hypothesis (Ellison, Feiner & Hill, 1960) . It might be supposed that the chromosomes of B, and Bs-2 contain loci necessary for the replication of normal phages of these three types but that the chromosome of BB-l alone is missing a piece necessary for the growth of u.v.-damaged phage, This piece might also contain the radiological loci.
A last point to be considered is the finding that the mutation of B to BJr was accompanied by increased furacin resistance, whereas mutation to either of the B, forms did not increase furacin sensitivity. Apparently only the radioresistance genes can alter furacin sensitivity. This suggests that both properties result from the same alteration in cellular metabolism. Therefore it would be interesting to determine whether, under conditions in which the radioresistance of B/r is markedly decreased, its furacin resistance is decreased also and conversely whether, when the radioresistance of B is increased, there is an increase in its furacin resistance. One possible set of conditions is that described by .
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